This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: Some UK cities have seen the successful reintroduction of trams to complement and improve public transport services. This paper investigates the impact a hypothetical tramline would have in Bristol. This study was conducted in light of proposals for a bus rapid transit (BRT) network in Bristol. The literature review undertaken concludes that while BRT systems tend to have lower capital costs, a tram system could also be considered. At near-capacity operation, trams may be more effective in encouraging a modal shift away from travelling by car. Evidence from a preliminary simulation model, which was built to evaluate the demand a hypothetical tramline from the airport to the city centre would attract, suggests that a tram would encourage users to switch to public transport. Suggestions for further work for model refinement coupled with better understanding system impacts of the proposed tram system are included.
Introduction
The West of England's 'Joint Local Transport Plan' (JLTP) highlights the need for improved public transport in the Greater Bristol area. Much of this plan seeks to utilise bus rapid transit (BRT) corridors to increase connectivity in the city and reduce congestion (WEP, 2011) . This paper explores the hypothetical development of a tram system. This paper analyses evidence reported in the literature and preliminary modelling evidence on the suitability of a tram system for Bristol. It reports some key findings from a research-design study conducted at the University of Bristol (Christopher et al., 2014) . The main objective of the modelling was to assess whether a hypothetical tram network could cause significant modal shifts (as highlighted in other case studies) and to estimate the number of users it could potentially shift from the car.
Bristol city lies in the southwest of England, 161 km from London. It is one of the UK's eight 'core cities', with a population of 432 500 inhabitants which is predicted to rise by a further 10·5% by 2021. Bristol has a comparatively young population with a median age of 33·7 years and low levels of unemployment. Although 29% of households in Bristol do not have cars, between 2001 and 2011 the number of cars on the road increased by 25 200 and the city is suffering from increased congestion problems (aforementioned statistics and information from BCC, 2013). This paper will not argue either for or against the currently planned BRT projects in Bristol, merely that a possible tram network is worthy of study. In the first part of this paper, reviews of some key regional transport plans are included and a comparison of BRT and trams is presented. The second part of the paper presents the results of some preliminary modelling of a hypothetical network for Bristol.
Background
The most recent tram line in the UK opened in Edinburgh in 2014 (http://www.edinburghtrams.com/news/archive/2014/05) albeit with controversy (e.g. Lowe, 2010) . In 2012, 222 million journeys were completed on the UK's light-rail networks (DfT, 2013) . The UK's largest network is the Manchester Metrolink, which opened in 1992 and has since been expanded (http:// www.tfgm.com/Corporate/Media_Centre/Pages/facts_figures. aspx).
The purpose of the Metrolink was similar to the mandate set out in the JLTPto improve access to the city centre by providing a congestion-free journey. The original route was successful and helped reduce traffic volume in the Bury-Manchester corridor (as reviewed in Knowles, 1996) . The network is currently undergoing further expansion, with a new line connecting Manchester Airport to the city and a second line being built across the city centre (http://www.tfgm.com/Corporate/ Media_Centre/Pages/facts_figures.aspx). Although initial ridership was underestimated at first (Mackett and Edwards, 1998) , the patronage of the Manchester Metrolink rose by 12% between 2012 (DfT, 2013 .
City public transport policy and plans
Bristol is primarily served by the Greater Bristol bus network, which has received a total capital investment of £79 million (Travel Plus, 2012) . This outlay has focused on ten key routes in the Greater Bristol area to improve service frequency and reliability (WEP, 2011) . New bus lanes have been introduced with priority signalling and bus stops have been upgraded to display real-time service information to improve the attractiveness of the service (WEP, 2011) . Bristol also has a number of suburban rail lines, which operate at varied frequencies: the Severn Beach line has a less than hourly service to Bristol, whereas trains from Filton Abbey Wood run at 15 min intervals (Halcrow, 2012) . At present, two major public transport projects are being considered for implementation. These are the Greater Bristol Metro rail improvements (hereafter referred to as MetroWest) and the Bristol Rapid Transit Bus Network (hereafter referred to as MetroBus) (TravelWest, 2014; WEP, 2011) .
MetroWest will provide new railway stations in the West of England area and improve service frequency, with trains operating at a maximum interval of 30 min (WEP, 2011) . Phase 1 involves (among other upgrades) the reopening of passenger services on the Ashton Gate to Portishead line and is due for completion in 2019 (see TravelWest, 2014) . The project also involves four-tracking at Filton Bank to allow parallel running of local and national train services (WEP, 2011) .
MetroBus is a BRT project connecting the south and north of Bristol through the city centre (scheme map available at http:// travelwest.info/wp-content/uploads/2015/03/metrobus-networkmap.pdf).
In addition to these two projects, BCC (2014) is introducing 20 miles/h (32 km/h) speed limits across Bristol with the stated aim of improving traffic flow and safety in the city centre.
Regional public transport policy and plans
The JLTP substantiates the need for investment in transport using the following key figures for the West of England; the annual cost of congestion will be £600 million by 2016; 253 people were killed or seriously injured in road accidents in 2009 and 19% of local CO 2 emissions come from local road transport (data from WEP, 2011). Furthermore, much of Bristol city centre has been classified as an Air Quality Management Area by the Department for Environment, Food and Rural Affairs (DEFRA), the latest one being declared in 2008 (with respect to high levels of poisonous nitrogen dioxide) (http://uk-air. defra.gov.uk/aqma/details?aqma_id=757). 
Prior Bristol tram networks and schemes

Bristol Supertram
The idea of tramways in Bristol was revisited in the early 2000s with the proposal of the £200 million Bristol Supertram. The route was planned to connect Bristol's city centre with Bristol Parkway Station in order to help tackle congestion problems in the city (Symons, 2002) . The Bristol Supertram formed part of the presiding government's 10-year plan to increase light-rail use across the UK (BCC, 2001) . However, the project was not proceeded with.
BRT and trams
In their study, Hodgson et al. (2013) commented on the capital and operational expenditure of BRT systems to a lightrail network, they write One way of generating ridership number for buses similar to light rail would be to make the bus look and feel like a tram… Studying a theoretical network of the two systems in Reading in the UK, they concluded that the infrastructural costs of BRT were about two-thirds of those for a tram network, noting that BRT systems required high-quality infrastructure to match the comfort and operational performance of light rail (Hodgson et al., 2013) . Knowles (2007) , after reviewing a National Audit Office Report (NAO, 2004) , argues that costs of tram systems in the UK are disproportionately high because, among other reasons, there is a 'lack of standardisation' for their design; a 'slow planning and funding approval process' and 'inappropriate heavy rail safety standards' are used. Regarding user perceptions, Mulley et al. (2014) argue that where cities have a positive experience of buses then a subsequent BRT is more likely to be successful.
While BRT systems may be cheaper to run per vehicle, tram operational costs are lower at high demand because BRT systems require greater staffing, operation and maintenance costs (Hodgson et al., 2013) . In their Reading modelling study, Hodgson et al. (2013) noted that 420 buses per week would need to operate to meet the required demand whereas a tram system would require only 260 vehicles. Hass-Klau and Crampton (2001) Apart from the infrastructural costs, tram systems may be seen as more attractive than buses, which often carry a stigma as they may be seen as a 'second-class' mode of transport (CDOT, 2002 also reviewed in Currie, 2006 The same study (Hass-Klau and Crampton, 2001 ) also noted that Guided busways can be effective in overcoming bottlenecks when the road network is congested, but this could often be achieved more cheaply with strictly enforced bus lanes. In all cases, guided bus facilities and segregated busways seem to be unsuitable for city centres since they are too obtrusive and the feasibility for integration into a densely built-up urban environment is difficult or impossible.
In summary, while there are advantages to running a tram system, it is inconclusive whether they are always favoured over BRT. However, the review indicates that at least there is a prima facie case for re-examining the possibility of a new tram network for Bristol. A preliminary model of a hypothetical tram network for Bristol was prepared and some of the outcomes are presented in the next part of the paper.
Preliminary modelling
Proposed route
A city centre route and express link connecting Bristol International Airport to Bristol Temple Meads was used to model a tramline in Bristol. Figure 1 shows a schematic diagram of stop locations and integration with the existing railway network. It was assumed that bus routes would be adapted to operate in tandem with the tram network. More details on trial routes are given in Christopher et al. (2014) .
Modelling standards and scope
The analysis was carried out in accordance with the Webbased Transport Analysis Guidance documents (WebTAG) (https://www.gov.uk/transport-analysis-guidance-webtag). PTV Visum software from PTV AG was used to model the traffic behaviour in the Bristol network (PTVAG, 2013) . The purpose of the Bristol Trams model was to investigate the impact of a tram system on travel behaviour. The model analysed vehicle and people flows of a 'with tram' and 'without tram' scheme (DfT, 2014a) .
To build the model, three datasets were developed, which contained network attributes, population data and travel behaviour. These were used for three sub-models: a network model, which contained information about the link capacities and speed limits; a four-step demand model, which generated trip frequencies between origin and destination (O-D) activity pairs; and an impact model which assigned the traffic to the model based on the cost impedances of the available trip paths (e.g. McNally, 2000; Ortúzar and Willumsen, 2001 ).
There was extensive information available to permit detailed modelling of the Bristol region. However, it was not feasible to complete a representative number of travel surveys and therefore, only government and census datasets were used for the model. This resulted in poor detail regarding the exact (O-D) trips.
Network model
Government guidelines state that the modelled area should be large enough to account for route choice impacts, but not overly large so that convergence and noise become an issue (DfT, 2014b) . The model therefore has a fully modelled core, bounded by primary roads (Figure 2) and an external modelled area. The external area represents the remainder of Bristol, where it was assumed that the impact of the tram would be less apparent. These areas were modelled using a skeletal road network only. In line with guidelines, all road classes were included, although private roads, segregated cycle paths and footpaths were excluded due to licencing limitations (DfT, 2014c).
Network data were collected from data extracts of the Open Street Map (OSM). The Ordnance Survey Integrated Transport Network layer would have been preferential, but was incompatible with PTV Visum's importer. The model assumed that roads of the same class had the same capacity and speed attributes (Table 1) . These generalised attributes were informed by the guidance given in WebTAG unit M3.1 (DfT, 2014c ). In the model's external areas, the roads were assigned fixed speeds and link capacities were left unrestrained so that the travel costs to the fully modelled area were not responsive to the levels of demand (DfT, 2014c).
Public transport stop points were also imported from OSM. Public transport timetables from the Travel West website (http://www.travelwest.info/) were imported and simplified so that only the main pattern was observed. Bus and tram capacity were taken as around 70 and 230, respectively. To model trips at Bristol Temple Meads station and Bristol International Airport, artificial zones were created with populations based on their usage statistics. These data were obtained from CAA (2013) and ORR (2013).
Travel behaviour
Travel behaviour inputs for the model were interpreted using datasets from the 2012 National Travel Survey; this included trips in progress by time of day, the modal share, travel purpose and occupancy rates (datasets from https://www.gov. uk/government/collections/national-travel-survey-statistics). In line with WebTAG recommendations, a variety of activity pairs were initially built for the model. These included homebased and non-home-based activity pairs (DfT, 2014b). Insufficient data were available in the correct format to allow activity pairs to be modelled. Instead, one generalised activity pair was generated, which modelled trips from the home to the workplace.
Furthermore, WebTAG guidelines recommend that activity pairs should be assigned to activity classes, which reflect travel behaviour based on the perceptions of cost. The most basic models should have the following activity classes to reflect the traveller's perception of cost: employer's business, commuting and other (DfT, 2014b) . Sufficient data were available to design these classes; however, because there was only one activity pair, only one trip category could be used. The perceptions of cost were taken from the average values made available in the WebTAG data booklet (https://www.gov.uk/government/ Figure 3 shows the modelling methodology used to investigate the impact of a tramline in Bristol. The model was built to represent current travel patterns and validated before growth forecasts were applied. The 2030 base model was used as the 'without tram' scheme as comparison for the 'with tram' scheme. The model calculation sequence (Figure 4 ) was based on an example set out by PTV.
Model processes
Network calibration
To ensure accuracy of the network, the model was calibrated by inspection. Further calibration was not possible due to the lack of local travel survey information available. Time constraints of the project meant that not all of the 1900 nodes in the network could be checked. Therefore, only main roads and the tram route links were checked and calibrated against any relevant Highways Agency Traffic Information System information that was available for download (https://www.hatris.co.uk). The bus route to the airport was calibrated using ridership data supplied in Bristol International Airport's annual report (BA, 2012).
Network validation
The Department for Transport's 2012 traffic counts was used to validate the model (http://www.dft.gov.uk/traffic-counts). Figure 5 highlights the traffic locations. WebTAG guidelines stipulate that the absolute and percentage differences between the modelled and actual flow should be used to validate the model. Additionally, the GEH formula should also be used to validate the network. The GEH formula (Equation 1) is based on the Chi-squared statistic and contains both relative and absolute error. Its inputs are modelled (M ) and observed (C ) flow (veh/h) (DfT, 2014c)
s Usually, a model is assumed valid if, in 85% of all cases, link flows are within 15% of the measured flow (exact criteria are dependent on link size). The GEH statistic value should be <5. This condition is met around half the time (Table 2) , which was considered acceptable for the preliminary modelling stage. Table 2 shows the result of the validation testing. The modelled public transport flows were closer to the tolerance levels, possibly because there was more information contained within the model such as the bus schedules. 
Road classes
Realism and sensitivity testing
Fuel prices were increased by 20% and the accumulated car vehicle kilometres analysed to determine the elasticity of fuel prices. WebTAG guidelines suggest that the average fuel elasticity should be between −0·25 and −0·35 (DfT, 2014b). The Bristol Trams model had a response change of −0·61. The main limitation controlling the response to costs was the traveller's assigned value of time. The Bristol Trams model contained only one user class and therefore the response to travel impedances was limited.
Model assumptions and limitations
The modelling process was limited by the amount of data available and by the allowable network size. Restricted processing power also meant that iterations were limited to a maximum of five. Similarly, the incremental assignment was restricted to three steps in order to increase the speed of calculations.
Assignment was assumed to be link-based only. There was insufficient available data to allow the junctions to be modelled and therefore the junction capacities were set as unrestricted to remove them as a variable. Furthermore, due to licensing constraints, the model only considered the following modes of transport, the petrol car, bus, tram and walking. Heavy goods vehicle trips were not included in the model, since this mode was considered not to be directly relevant to the demand of the tram. The modal share of bicycle travel has also been excluded due to licensing limitations and it has been assumed that tram ridership is unrelated to trips made by bicycle.
It was assumed that the modelled area contains all origins and destinations. The model failed to account for O-D pairs that start or end outside the modelled zones; hence, their effect on traffic flow is neglected. The model also assumed the worstcase scenario of weekday travel.
Due to the lack of sufficient survey data, only one general user class was modelled and it was assumed that all users, regardless of whether their travel purpose or demographic, had the same perception of cost.
Discussion
The model's results were based on travel behaviour to the airport as these gave the clearest results regarding the tram's impact. The model suggested that a tram system in Bristol is viable and Figure 6 highlights the potential passenger volumes. Approximately 18 300 people per day would travel on the new Airport Express line. This scenario, when compared with the existing transport network, encourages a modal shift of nearly 1200 riders. The line also attracts up to 7000 more users in Bedminster. In the tramline's catchment area, car usage is reduced by as many as 1000 cars per day on some parts of the A38 in Bedminster, which is likely to have a positive impact on congestion problems.
A major factor of the user's perceived cost was the trip time. Figure 7 shows the estimated time saved by users travelling from the airport to the city centre by tram compared with the existing bus network. As the tram was modelled to run at 100 km/h adjacent to the A38 between the airport and the city edge without stopping, users were able to enjoy a 10 min journey time saving. This time gain was eroded a little in the city due to waiting times to connecting services. Existing stops along the A38 were modelled as not being served by the tram.
Future work will need to study issues of market share in terms of trips to and from the airport and within the city today. Bottleneck points in the transport network will also have to be identified to help inform how alignments could be improved. The use of dynamic simulation models such as OpenTrack (http://www.opentrack.ch) may give better indications of runtimes and rolling stock requirements. These inputs could be used to develop preliminary service and operations concepts that could be fed back into the model to better understand system performance and costs. In addition, the societal benefits should also be studied such as the potential social revenues gleaned from cost, reduced congestion and decreased pollution rates.
Summary remarks
& Current transport plans for the Bristol region already focus heavily on public transport investment. From the review, it is apparent that there is both the need and political motivation to provide finance for major public transport schemes. The importance of public consultation should not be neglected (e.g. Ng et al., 2012 Ng et al., , 2014 . & Collected data from the literature suggest that although BRT systems tend to have lower capital costs, trams have potentially lower operational costs; may be more successful in effecting a modal shift away from the car. Therefore, their revival in Bristol may be worth considering. & The results of the preliminary modelling suggest positive modal shifts with the introduction of a tram network, but further work could be done to refine the model. A greater portion of Bristol could be modelled to gain a better understanding of where people are travelling to and which transport modes they would use. O-D information could be collected using the ONS flow data and by conducting roadside surveys. Users' perceptions of cost could also be improved by including inputs such as value of time according to trip purpose, income band and age. Furthermore, an improved model could include competing transport modes in greater detail, for example a concurrent BRT system. & Further junction modelling should also be carried out, with greater detail being applied to major junctions. The model should investigate a number of different scenarios including rush hour, weekends and school holiday periods, in order to investigate the overall demand for tram services. To discuss this paper, please email up to 500 words to the editor at journals@ice.org.uk. Your contribution will be forwarded to the author(s) for a reply and, if considered appropriate by the editorial panel, will be published as discussion in a future issue of the journal.
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